Optical microcavities, which can confine light spatially, are important devices in the field of optics. Singlecrystal calcium fluoride (CaF2) is one of the most suitable materials for optical microcavities. To manufacture a cavity made from CaF2, ultra-precision machining is an appropriate process. In the previous study, we have investigated the machinability of CaF2 and successfully manufactured a whispering gallery mode (WGM) CaF2 cavity. Although the manufactured cavity can confine light for a certain amount of time, it was found that the cavity performance could be unstable due to its negative thermo-optic coefficient. In this study, a novel CaF2-brass hybrid WGM microcavity was proposed and manufactured, which could stabilize the cavity performance. By using finite element method (FEM) simulations, it was shown that the proposed microcavity structure facilitates rapid heat diffusion from the cavity. A hybrid microcavity without a large brittle fracture was successfully manufactured by ultra-precision machining. Thermo-optic (TO) effects that cause an instability of the cavity performance are assumed to be suppressed during resonance.
Introduction
Since Hall and Hänsch shared the Nobel Prize in Physics in 2005 for development of the optical frequency comb (Diddams et al., 2000; Holzwarth et al., 2000) , this technology has attracted a wide range of researchers with the expectation that it may open a new avenue for ultraprecise methodology, laser radars, sensitive gas and chemical detectors, and advanced optical communications. However, a frequency comb source is made of large optical solid-state laser cavity systems (Udem et al., 2002) . This makes practical application difficult. Recent trials on frequency comb generation in an optical microcavity (Del'Haye et al., 2007) may solve this problem. The technique uses a sub-millimeter-sized whispering gallery mode (WGM) microcavity made from monolithic materials such as SiO2 (Armani et al., 2003) , MgF2 (Herr et al., 2012) , and CaF2 (Grudinin et al., 2009) . Although various studies have been attempted (Kippenberg et al., 2011) , it is still a challenge to obtain a stable frequency comb with the mentioned systems because it is not easy to fulfill the following properties (all of which are required to support the generation of a stable frequency comb): 1. ultra-high quality (Q) factor with small diameter, 2. anomalous dispersion, 3. thermal and mechanical stability.
The Q value represents the optical quality of a microcavity; namely, a high-Q cavity can trap light for a long time, which is essential for efficient comb generation. Since the light trapping is achieved by WGM resonance as explained elsewhere (Mizumoto et al., 2017) , it is essential to use materials with low optical absorption and fabricate a structure with an extremely smooth surface. Further, the refractive index of dielectric materials is usually not constant throughout the entire wavelength regime. This phenomenon is known as dispersion. The dispersion is determined by the material Mizumoto, Itobe, Kangawa, Fuchida, Tanabe and Kakinuma, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel. and geometry of the microcavity device. In particular, it depends on the cross-sectional shape of the cavity . In order to generate a frequency comb, the dispersion must be anomalous (i.e., the effective refractive index is larger for light with larger wavelengths). Finally, the cavity system must be robust against thermal changes due to trapped light that can be converted into heat. In particular, thermo-optic (TO) and thermal expansion (TE) effects will lead to an unstable light output .
Considering these constraints, a WGM microcavity made of single-crystal CaF2 is most attractive because CaF2 exhibits the lowest absorption loss (Savchenkov et al., 2004) , namely the highest Q in the telecom wavelength regime compared to that of different materials if the cavity structure is fabricated with high precision. In recent years, CaF2 microcavities have been fabricated with a combination of ultra-precision turning and polishing (Grudinin et al., 2006; Wang et al., 2013) , which enables a cavity with a smooth surface. However, the prolonged polishing process deteriorates the cross-sectional shape of the microcavity. This makes it difficult to keep anomalous dispersion. Hence, the cavities require to be manufactured by only turning.
CaF2 is characterized by its brittleness and crystal anisotropy (Chen et al., 2017; Yan et al., 2004) , which makes manufacturing of a microcavity difficult. To produce cavities by only turning, ductile regime turning is necessary (Fang et al., 2013) . With this method, we recently manufactured a CaF2 microcavity with anomalous dispersion . Though this was an important step towards the generation of stable frequency combs, challenges still remain. Establishing a thermally stable structure is one of them. It is known that a cavity mechanically oscillates due to thermooptic oscillations when it is made of CaF2. This behavior is a result of the competition between different TO and TE effects occurring at different timescales (Wang et al., 2013) . To avoid the phenomena, we proposed a new microcavity shape that allows heat to diffuse quickly and suppresses TO effects at a given optical input power. In this study, the hybrid microcavity was designed based on a finite element method (FEM) simulation of heat transfer. The CaF2-brass hybrid cavity was manufactured with an ultra-precision machining process and the cavity performance was discussed.
Design of hybrid microcavity
Light can be trapped in the cavity when Eq. (1) holds, and the Q value can be expressed by Eq. (2):
where r is the cavity radius, neff the effective refractive index, m the natural number, r the resonance wavelength, and △r is the full width at half maximum of the resonance wavelength. During resonance, the trapped light is absorbed and converted into heat. The stability of the cavity performance can be described by the shift of the resonance wavelength r due to thermo-optic (TO) and thermal expansion (TE) effects that are induced by the converted heat. In the case of CaF2, TO effects diminish the effective refractive index neff. Thus, r shifts towards a shorter wavelength (Lin and Chembo, 2015) . However, TE effects cause r to shift towards a longer wavelength, because cavity radius can be larger by the TE effects. Because each phenomenon occurs during different time windows, r can be unstable. In order to suppress these phenomena, the cavity structure, which enables heat to easily diffuse from the resonance body, is of high importance. We proposed a hybrid cavity that consists of a cavity and a heatsink using different materials . Fig. 1 Schematic illustration of the (a) conventional structure (normal type), (b) microcavity pedestaled on brass bulk (junction type), and (c) proposed structure (embedded type). The normal type is the conventional structure made of a single material. The junction type presents the CaF2 cavity, which is placed on a brass pedestal, and the embedded type is the CaF2-brass hybrid cavity. The latter is made by embedding the brass cylinder with small protrusion into the hole. Itobe, Kangawa, Fuchida, Tanabe and Kakinuma, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.17-00491]
To design a valid hybrid structure that allows the heat to diffuse, a temperature distribution in the cavity was simulated by FEM simulation software (COMSOL Multiphysics). The simulated structures of the cavities are shown in Fig. 1 : normal type (the conventional structure is mono-material); junction type (CaF2 cavity, which is placed on a brass pedestal); embedded type (CaF2-brass hybrid cavity). A brass was chosen for heatsink because the brass shows a much larger thermal conductivity than CaF2 and is easy to machine. The hybrid cavity is produced by embedding the brass cylinder with small protrusion into the hole in the CaF2 wafer. The numerical simulation conditions are listed in Table 1 . The main element of the brass rod is copper (Webster, 2005) . Thus, the material properties of copper, were used for the simulation. A COMSOL database was employed for the parameter values of copper. The input heat was provided for 10 ms, and the heat flow was simulated for 20 ms. A 4.42 W/m heat source was adopted in the simulation. Its value is absorption coefficient.
The heat distribution in the time domain was simulated for normal, junction, and embedded type, as shown in Fig.  2 . In Fig. 2 , (bn), (cn), and (dn) (n = 2, 3, 4, 5, 6) correspond to the calculation results of heat diffusion in each cavity .0 2 ×10 -5 Table 1 Heat diffusion simulation conditions. 3 calculated from the assumed values of 1.0×10 7 for the Q value, 1 W of optical input power, and 2.0×10 -5 cm -1 for the Mizumoto, Itobe, Kangawa, Fuchida, Tanabe and Kakinuma, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.17-00491] type at 0, 5, 10, 15, and 20 ms. On the one hand, both normal and junction-type cavities show the same tendency: the heat remains in the vicinity of the resonance part after the heat input stops (Fig. 2 (bn) and (cn)). On the other hand, the embedded type features a quick heat dissipation from t = 10-15ms. In addition, the area of generated heat is smaller than in the other cavity types (e.g., Fig. 2 (b4) , (c4), and (d4)). This indicates that the brass works as a heatsink and its structure is important for successful heat diffusion.
Fabrication of hybrid microcavity 3.1. Manufacturing procedure
To manufacture the hybrid cavity, an additional process is required after the conventional manufacturing method, i.e., ultra-precision cylindrical turning (UPCT). In the present study, ultra-precision drilling (UPD) was utilized to drill a through hole into the CaF2 wafer. An ultra-precision four-axes vertical machine tool (UVM-450C, TOSHIBA MACHINE CO., LTD.) and an ultra-precision aspheric surface machine tool (ULG-100E, TOSHIBA MACHINE CO., LTD.) were used for the UPD and UPCT, respectively. The manufacturing procedure is described as follows: 1) As illustrated in Fig. 3 (a) , a through hole of approximately 400 m diameter was formed in the CaF2 wafer (6 mm diameter, 0.5 mm thickness) by UPD. The cutting conditions are listed in Table 2 , one fed the cutting tool into the wafer with 100 nm steps in the depth direction by manual operation. 2) A brass jig with a brass cylinder with small protrusion of 370 m diameter was manufactured from a brass cylinder of 6 mm diameter (Fig. 3 (b) ) under finish-cutting condition (Table 3 ) using a straight-nose diamond tool (Table 4 , tool #1).
3) The CaF2 wafer was fixed onto the brass jig using wax (Fig. 3 (c) ). The CaF2 and brass jig were then turned simultaneously by tool #2 under rough-cutting conditions, as shown in Fig. 4 . After rough cutting, pre-finish cutting and finish cutting were conducted to form the surface with tool #3 (Fig. 3 (d) ). The above-mentioned cutting conditions are listed in Table 3 Fig. 4 Manufacturing of CaF2-brass hybrid cavity. The UPCT was conducted by using singlecrystal diamond tools. The CaF2 and brass jig were turned simultaneously and the cavity shape was formed. The (100) plane was selected as the end face orientation of the CaF2 wafer in order to obtain a smooth surface in terms of crystallography (Kakinuma et al., 2015) . The surface roughness was measured by scanning white-light interferometry (New View TM6200, ZYGO) and observed through an optical microscope (VH-Z100UR, KEYENCE). The manufactured cavity was observed with a field emission-scanning electron microscope (FE-SEM Merlin Compact, CARL ZEISS). Further, energy-dispersive X-ray spectrometry (EDX) was conducted via the FE-SEM. For comparison, the conventional CaF2 cavity was also manufactured with UPCT. To enhance the surface quality of the conventional cavity, the surface was manually polished with a diamond slurry of 0.125 m diameter.
Measurement procedure
The cavity performance was measured with a wavelength-tunable laser diode (TSL-710, henceforth denoted as TLD, SANTEC) with 1 mW input power. The wavelength resolution and line width are 1 pm and 100 kHz, respectively. The wavelength was continuously changed during measurement to find the resonance wavelength in the normal sweep direction (from shorter to longer wavelength). The measurement procedure has been described in detail elsewhere Mizumoto et al., 2017) . The measurement setup is illustrated in Fig. 5 . An erbium-doped fiber amplifier (EDFA) was used to amplify the input light. Further, a polarization controller (PC) was introduced to compensate for phase shifting. To couple the microcavity and the waveguide, a tapered fiber with 3 m diameter was utilized. An Attenuator (ATT) is employed for attenuating the light power to less than 10 mW. The output light power was measured by a power meter (PWM). Table 3 Experimental conditions for UPCT. Table 4 Specification of cutting tools for UPCT. ATT: attenuator; and PWM: power meter. An EDFA was used to amplify the input light and a PC was introduced to compensate for phase shifting. To couple the microcavity and the waveguide, a tapered fiber with 3 m diameter was utilized. An ATT was employed for attenuating the light power to less than 10 mW, and the output light power was measured by PWM.
ATT PWM TLD PC Micro-cavity EDFA Mizumoto, Itobe, Kangawa, Fuchida, Tanabe and Kakinuma, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.17-00491]
Results and discussion

Fabrication
A through hole was drilled without large cracks at the interface, and the brass cylinder with small protrusion was manufactured (Fig. 6 (a) and (b) , respectively). The protrusion with 370 m diameter is embedded in the CaF2 hole with 400 m diameter (Fig. 6 (c) ). Hence, the generated heat is assumed to mainly diffuse from the contact area. The CaF2-brass hybrid cavity which has a total diameter of 560 m was manufactured as shown in Fig. 7 . No large brittle fracture was observed on the entire cavity surface, and the measured surface roughness Sa was approximately 2 nm. EDX analyses show that copper (Cu) and zinc (Zn) exist in the heatsink part, and the latter is surrounded by calcium (Ca) and fluorine (F) (Fig.7) . This is an evidence that the brass rod is located inside the hole of the CaF2 wafer. As mentioned above, due to the setup error the rod is not perfectly aligned at the cavity center. Therefore, on one side, the brass rod touches the hole wall, and on the other side, the conductive adhesive wax exists between CaF2 and brass.
Optical characterization
The Q value of the conventional cavity measures 1.0×10 7 , whereas the Q value is 2.8×10 5 in the case of the hybrid cavity. Therefore, Q value was deteriorated to the order of 10 5 . In our previous works, it was found that the main factor to influence Q value is the existence of microcracks . Previously, the influence of microcracks on the cavity performance was discussed and determined that a microcrack on the upper base part deteriorates Q value (lowered to 4.0×10 4 ) . Microcracks which are assumed to affect the cavity performance was not observed from the expanded image of SEM image, however, a lot of debris were seen in the part where light is trapped during the resonance. The cause for the adhering debris can originate from the chip caused in cutting process. It is reported that the Mizumoto, Itobe, Kangawa, Fuchida, Tanabe and Kakinuma, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.17-00491] cavity performance is sensitive to surface condition such as the terminal atoms or small oxide layer (Borselli et al., 2006) , therefore, the observed debris is assumed to deteriorate the cavity performance. For the measurement of the thermal stability, several resonance peaks appear repetitively in the wavelength range of 1550.15-1550.30 nm in the case of the conventional cavity ( Fig. 8 (a) ), while only one resonance peak was observed from 1549.90-1550.20 nm for the hybrid cavity (Fig. 8 (b) ). As mentioned in Section 2, TO and TE effects cause an unstable cavity performance, and the transmittance spectra of the conventional cavity form a distorted dip. The detailed explanation about the unstable mechanism was provided elsewhere . Due to that, a lot of distorted resonance peaks were seen in the range of quite short region for the conventional cavity. However, the resonance peak was observed for a longer time (i.e., wider range of 1549.9-1550.2 wavelengths), and the resonance spectra form triangular shapes that originate from TE effects. The phenomenon can be seen in the case of SiO2 or MgF2 (Wang et al., 2013) , which is also the desired characteristic optical behavior for CaF2. In the hybrid cavity, the heat quickly dissipates through the heatsink. Therefore, the time window of TO and TE effects are shorter than in a conventional cavity. Owing to this, TO effects, which occur in a shorter time span and cause the oscillations, are assumed to be suppressed. As shown in Fig. 8 (b) , the resonance occurred only once. Notably, there was a gap partially between CaF2 and brass, however, the gap was sufficiently small. Thus, the heat which generated in the cavity was assumed to be transmitted into the heatsink. It can be said that the cavity performance was not affected by thermal effects and the performance was stabilized.
Conclusion
This study focuses on the development of a novel type of microcavity to improve unstable cavity performance. We designed and manufactured a CaF2-brass hybrid WGM microcavity using only an ultra-precision machining process. In addition, we evaluated the cavity performance regarding Q value and TO and TE effects. The following conclusions are drawn: 1. The heat diffusion was numerically simulated for various cavity structures. In the case of the embedded-type cavity structure, the induced heat dissipates from the cavity more quickly than compared to the heat in the conventional cavity and the junction-type hybrid cavity. This indicates that the proposed cavity structure facilitates sufficient thermal stabilization of the cavity performance. 2. A hybrid microcavity without large cracks was successfully manufactured. The cavity exhibited a Q value of 2.8×10 5 , and TO effects seemed to be suppressed according to the transmittance spectra. This implies that the hybrid cavity is a step towards an optically and thermally stable CaF2 cavity.
As a material for heatsink, brass was chosen, however, other materials which have larger thermal conductivities than CaF2 such as diamond, silicon, argentine. It should be noted that the brass was used in terms of the machinability and price, therefore, it is necessary to use other materials for heatsink to determine the optimal materials as future work.
